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Abstract: Species extinctions have defined the global biodiversity crisis. but extinction begins
with loss in abundance of individuals that can result in compositional and functional changes of
ecosystems. Using multiple and independent monitoring networks, we report population losses
across much of the North American avifauna over 48 years, including once common species and
from most biomes. Integration of range-wide population trajectories and size estimates indicates
a net loss approaching 3 billion birds, or 29% of 1970 abundance. A continent-wide weather
radar network also reveals a similarly steep decline in biomass passage of migrating birds over a
recent 10-year period. This loss of bird abundance signals an urgent need to address threats to
avert future avifaunal collapse and associated loss of ecosystem integrity, function and services.

One Sentence Summary: Cumulative loss of nearly three billion birds since 1970, across most
North American biomes, signals a pervasive and ongoing avifaunal crisis.
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Main Text:

Slowing the loss of biodiversity is one of the defining environmental challenges of the 21
century (/-5). Habitat loss, climate change. unregulated harvest, and other forms of human-
caused mortality (6, 7) have contributed to a thousand-fold increase in global extinctions in the
Anthropocene compared to the presumed prehuman background rate, with profound effects on
ecosystem functioning and services (&). The overwhelming focus on species extinctions,
however, has underestimated the extent and consequences of biotic change, by ignoring the loss
of abundance within still-common species and in aggregate across large species assemblages (2.
9). Declines in abundance can degrade ecosystem integrity, reducing vital ecological,
evolutionary, economic, and social services that organisms provide to their environment (8, 10—
15). Given the current pace of global environmental change, quantifying change in species
abundances is essential to assess ecosystem impacts. Evaluating the magnitude of declines
requires effective long-term monitoring of population sizes and trends, data which are rarely
available for most taxa.

Birds are excellent indicators of environmental health and ecosystem integrity (16, /7), and our
ability to monitor many species over vast spatial scales far exceeds that of any other animal
group. We evaluated population change for 529 species of birds in the continental United States
and Canada (76% of breeding species), drawing from multiple standardized bird-monitoring
datasets, some of which provide close to fifty years of population data. We integrated range-wide
estimates of population size and 48-year population trajectories, along with their associated
uncertainty, to quantify net change in numbers of birds across the avifauna over recent decades
(18). We xalso used a network 143 weather radars (NEXRAD) across the contiguous U.S. to
estimate long-term changes in nocturnal migratory passage of avian biomass through the airspace
in spring from 2007 to 2017. The continuous operation and broad coverage of NEXRAD provide
an automated and standardised monitoring tool with unrivaled temporal and spatial extent (/9).
Radar measures cumulative passage across all nocturnally migrating species, many of which
breed in areas north of the contiguous U.S. that are poorly monitored by avian surveys. Radar

thus expands the area and the proportion of the migratory avifauna that is sampled relative to
ground surveys.

Results from long-term surveys. accounting for both increasing and declining species, reveal a
net loss in total abundance of 2.9 billion (95% CI = 2.7-3.1 billion) birds across almost all
biomes, a reduction of 29% (95% CI = 27-30%) since 1970 (Figure 1; Table 1). Analysis of
NEXRAD data indicate a similarly steep decline in nocturnal passage of migratory biomass, a
reduction of 13.6 = 9.1% since 2007 (Figure 2A). Reduction in biomass passage occurred across
the eastern U.S. (Figure 2 C,D), where migration is dominated by large numbers of temperate-
and boreal-breeding songbirds: we observed no consistent trend in the Central or Pacific flyway
regions (Figure 2B,C.D, Table S5). Two completely different and independent monitoring
techniques thus signal major population loss across the continental avifauna.

Species exhibiting declines (57%, 303/529) based on long-term survey data span diverse
ecological and taxonomic groups. Across breeding biomes, grassland birds showed the largest
magnitude of total population loss since 1970—more than 700 million breeding individuals
across 31 species— and the largest proportional loss (53%); 74% of grassland species are
declining. (Figure 1; Table 1). All forest biomes experienced large avian loss, with a cumulative
reduction of more than 1 billion birds. Wetland birds represent the only biome to show an overall
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net gain in numbers (13%), led by a 56% increase in waterfowl populations (Figure 3, Table 1).
Surprisingly. we also found a large net loss (63%) across 10 introduced species (Figure 3D.E.
Table 1).

A total of 419 native migratory species experienced a net loss of 2.5 billion individuals, whereas
100 native resident species showed a small net increase (26 million). Species overwintering in
temperate regions experienced the largest net reduction in abundance (1.4 billion), but
proportional loss was greatest among species overwintering in coastal regions (42%),
southwestern aridlands (42%), and South America (40%) (Table 1: Figure S1). Shorebirds, most
of which migrate long distances to winter along coasts throughout the hemisphere, are
experiencing consistent, steep population loss (37%).

More than 90% of the total cumulative loss can be attributed to 12 bird families (Figure 3A),
including sparrows, warblers, blackbirds, and finches. Of 67 bird families surveyed, 38 showed a
net loss in total abundance, whereas 29 showed gains (Figure 3B), indicating recent changes in
avifaunal composition (Table S2). While not optimized for species-level analysis, our model
indicates 19 widespread and abundant landbirds (including 2 introduced species) each
experienced population reductions of >50 million birds (Data S1). Abundant species also
contribute strongly to the migratory passage detected by radar (/9), and radar-derived trends
provide a fully independent estimate of widespread declines of migratory birds.

Our study documents a long-developing but overlooked biodiversity crisis in North America—
the cumulative loss of nearly 3 billion birds across the avifauna. Population loss is not restricted
to rare and threatened species, but includes many widespread and common species that may be
disproportionately influential components of food webs and ecosystem function. Furthermore,
losses among habitat generalists and even introduced species indicate that declining species are
not replaced by species that fare well in human-altered landscapes. Increases among waterfowl
and a few other groups (e.g. raptors recovering after the banning of DDT) are insufficient to
offset large losses among abundant species (Figure 3). Importantly, our population loss estimates
are conservative since we estimated loss only in breeding populations. The total loss and impact
on communities and ecosystems could be even higher outside the breeding season if we consider
the amplifying effect of “missing™ reproductive output from these lost breeders.

Extinction of the Passenger Pigeon (Ectopistes migratorius), once likely the most numerous bird
on the planet, provides a poignant reminder that even abundant species can go extinct rapidly.
Systematic monitoring and attention paid to population declines could have alerted society to its
pending extinction (20). Today, monitoring data suggest that avian declines will likely continue
without targeted conservation action, triggering additional endangered species listings at
tremendous financial and social cost. Moreover, because birds provide numerous benefits to
ecosystems (e.g., seed dispersal, pollination, pest control) and economies (47 million people
spend 9.3 billion U.S. dollars per year through bird-related activities in the U.S. (21)), their
population reductions and possible extinctions will have severe direct and indirect consequences
(10, 22). Population declines can be reversed, as evidenced by the remarkable recovery of
waterfowl populations under adaptive harvest management (23) and the associated allocation of
billions of dollars devoted to wetland protection and restoration, providing a model for proactive
conservation in other widespread native habitats such as grasslands.
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Steep declines in North American birds parallel patterns of avian declines emerging globally (74,
15, 22, 24). In particular, depletion of native grassland bird populations in North America, driven
by habitat loss and more toxic pesticide use in both breeding and wintering areas (25), mirrors
loss of farmland birds throughout Europe and elsewhere (/5). Even declines among introduced
species match similar declines within these same species™ native ranges (26). Agricultural
intensification and urbanization have been similarly linked to declines in insect diversity and
biomass (27), with cascading impacts on birds and other consumers (24, 28, 29). Given that birds
are one of the best monitored animal groups, birds may also represent the tip of the iceberg,
indicating similar or greater losses in other taxonomic groups (28, 30).

Pervasiveness of avian loss across biomes and bird families suggests multiple and interacting
threats. Isolating spatio-temporal limiting factors for individual species and populations will
require additional study, however, since migratory species with complex life histories are in
contact with many threats throughout their annual cycles. A focus on breeding season biology
hampers our ability to understand how seasonal interactions drive population change (31),
although recent continent-wide analyses affirm the importance of events during the non-breeding
season (19, 32). Targeted research to identify limiting factors must be coupled with effective
policies and societal change that emphasize reducing threats to breeding and non-breeding
habitats and minimizing avoidable anthropogenic mortality year-round. Endangered species
legislation and international treaties, such as the 1916 Migratory Bird Treaty between Canada
and the United States, have prevented extinctions and promoted recovery of once-depleted bird
species. History shows that conservation action and legislation works. Our results signal an
urgent need to address the ongoing threats of habitat loss, agricultural intensification, coastal
disturbance, and direct anthropogenic mortality, all exacerbated by climate change, to avert
continued biodiversity loss and potential collapse of the continental avifauna.
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Figure captions:

Fig. 1. Net population change in North American birds. (A) By integrating population size
estimates and trajectories for 529 species (/8), we show a net loss of 2.9 billion breeding birds
across the continental avifauna since 1970. Gray shading represents + 95% credible intervals
around total estimated loss. Map shows color-coded breeding biomes based on Bird
Conservation Regions and land cover classification (/8). (B) Net loss of abundance occurred
across all major breeding biomes except wetlands (see Table 1). (C) Proportional net population
change relative to 1970. £95% C.1. (D) Proportion of species declining in each biome.

Fig. 2. NEXRAD radar monitoring of nocturnal bird migration across the contiguous U.S.
(A) Annual change in biomass passage for the full continental U.S. (black) and (B) the Pacific
(green), Central (brown), Mississippi (yellow), and Atlantic (blue) flyways (borders indicated in
panel C), with percentage of total biomass passage (migration traffic) for each flyway indicated;
Declines are significant only for the full U.S. and the Mississippi and Atlantic flyways (Table
S3-5). (C) Single-site trends in seasonal biomass passage at 143 NEXRAD stations in spring (1
Mar — 1 Jul), estimated for the period 2007-2017. Darker red colors indicate higher declines and
loss of biomass passage, while blue colors indicate biomass increase. Circle size indicates trend
significance, with closed circles being significant at a 95% confidence level. Only areas outside
gray shading have a spatially consistent trend signal separated from background variability. (D)
10-year cumulative loss in biomass passage, estimated as the product of a spatially-explicit
(generalized additive model) trend, times the surface of average cumulative spring biomass
passage.

Fig. 3. Gains and losses across the North American avifauna over the last half

century. (A) Bird families were categorized as having a net loss (red) or gain (blue). Total loss
of 3.2 billion birds occurred across 38 families; each family with losses greater than 50 million
individuals is shown as a proportion of total loss, including two introduced families (gray).
Swallows, nightjars, and swifts together show loss within the aerial insectivore guild. (B) 29
families show a total gain of 250 million individual birds: the five families with gains greater
than 15 million individuals are shown as a proportion of total gain. Four families of raptors are
shown as a single group. Note that combining total gain and total loss yields a net loss of 2.9
billion birds across the entire avifauna. (C) For each individually represented family in B and C,
proportional population change within that family is shown. See Table S2 for statistics on each
individual family. (D) Lefi, proportion of species with declining trends and, Right, percentage
population change among introduced and each of four management groups (18). A representative
species from each group is shown (top to bottom, house sparrow, Passer domesticus;
sanderling, Calidris alba; western meadowlark, Sturnella neglecta; green heron, Butorides
virescens: and snow goose, Anser caerulescens).
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' — Neﬂt Abundance Change (Millions) & Percent Change & 95% Cls gr;eli?:;?z
Species Group of Species 95% C1 Decline
Change LC95 uco9s Change  LC95 ucCo9s

Species Summary
All N. Am. Species 529 . -2911.9 -3,097.5 -2,732.9 -28.8% -30.2% -27.3% 57.3%
All Native Species 519 -2,521.0 -2,698.5 -2,347.6 -26.5% -28.0% -24.9% 57.4%
Introduced Species 10 -391.6 -442.3 -336.6 -62.9% -66.5% -56.4% 50.0%
Native Migratory Species 419 -2,547.7 -2,723.7 -2,374.5 -28.3% -29.8% -26.7% 58.2%
Native Resident Species 100 26.3 s 46.9 5.3% 1.4% 9.6% 54.0%
Landbirds 357 -2,516.5 -2,692.2 -2,346.0 -27.1% -28.6% -25.5% 58.8%
Shorebirds 44 -17.1 -21.8 -12.6 -374% -45.0% -28.8% 68.2%
Waterbirds 77 -22.5 -37.8 -6.3 -21.5% -33.1%  -6.2% 51.9%
Waterfowl 41 34.8 24.5 48.3 56.0% 37.9% 79.4% 43.9%
Aerial Insectivores 26 -156.8 -183.8 -127.0 -31.8% -36.4% -26.1% 73.1%

Breeding Biome
Grassland 31 -717.5 -763.9 -673.3 -53.3% -55.1% -51.5% 74.2%
Boreal forest 34 -500.7 -627.1 -381.0 -33.1% -38.9% -26.9% 50.0%
Forest Generalist 40 -482.2 -552.5 -413.4 -18.1% -20.4% - -15.8% 40.0%
Habitat Generalist 38 -417.3 -462.1 -371.3 -23.1% -25.4% -20.7% 60.5%
Eastern Forest 63 -166.7 -185.8 -147.7 -17.4% -192% -15.6% 63.5%
Western forest 67 -139.7 -163.8 -116.1 -29.5% -32.8% -26.0% 64.2%
Arctic Tundra 51 -79.9 -131.2 -0.7 -23.4% -375% -02% 56.5%
Aridlands 62 -35.6 -49.7 -17.0 -17.0% -23.0% -8.1% 56.5%
Coasts 38 -6.1 -18.9 8.5 -15.0% -39.4% 21.9% 50.0%
Wetlands 95 20.6 8.3 353 13.0% 5.1% 23.0% 47.4%

Nonbreeding Biome
Temperate North America 192 -1,413.0 -1,521.5 -1,292.3 -27.4% -29.3% -25.3% 55.2%
South America 41 -537.4 -651.1 -432.6 -40.1% -45.2% -34.6% 75.6%
Southwestern Aridlands 50 -238.1 -261.2 -215.6 -41.9% -44.5% -39.2% 74.0%
Mexico-Central America 76 -155.3 -187.8 -122.0 -15.5% -18.3% -12.6% 52.6%
Widespread Neotdropical 22 -126.0 -171.2 -86.1 -26.8% -33.4% -19.3% 45.5%
Widespread 60 -31.6 -63.1 1.6 -3.7%  -74% 0.2% 43.3%
Marine 26 -16.3 -29.7 -1.2 -30.8% -49.1% -2.5% 61.5%
Coastal 44 -11.0 -14.9 -6.7 -42.0% -51.8% -26.7% 68.2%
Caribbean 8 -6.0 1.4 -15.7 12.1% -2.8%  31.7% 25.0%

Table 1. Net change in abundance across the North American avifauna, 1970-2017. Species
are grouped into native and introduced species, management groups (landbirds, shorebirds,
waterbirds, waterfowl), major breeding biomes, and nonbreeding biomes (see Data S1 in (/8) for
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assignments and definitions of groups and biomes). Net change in abundance is expressed in
millions of breeding individuals, with upper and lower 95% credible intervals (CI) shown.
Percentage of species in each group with negative trend trajectories are also noted. Rows colored
in red indicate declines and loss; blue rows indicate gains.
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Materials and Methods

General approach to estimating long-term net-population change

We compiled estimates of long-term population chiange-and currént population size for
529 species from a variety of sources (Table S1), as described below. For every species, we
selected the most appropriate data sources and assessed the quality of population size and change
estimates, based on sampling methodology, range coverage,-and precision of the estimates. Our
primary source of population change estimates was the: North :American Breeding Bird Survey
(BBS) (33), which provides consérvation assessment inforthation for hundreds of bird species
(34). For our current analysis we relied on the full trajectory of population change for each
species, which we define as the scaled time-seties of annual population indices derived from the
underlying trend:model. Note that using the full trajectory provides much more information on
population change than the simple trend value (%. change/yr)-usually associated with survey data.
We used Partners in Flight’s (PIF) recently published population size estimates for North
American landbirds (35), and we supplemented these with data from several other surveys (Table
$1). Values for all U.S./Canada population size estimates, along with their sources, are provided
in Data S1.. o

After compiling population size and trajectory estimates for all species (Data S1), we
integrated these into a single hierarchical Bayesian model that estimates the full time-series
(19'70 -2017) of population sizes for each species and forthe overall avifauiia. Because some.
species are better monitored than others, the precision of estimates varied greatly. among species
(Data S1). To reduce the effects of imprecise species-level estimates.on our-overall estimates of
population charge, our model included a hiérarchical structure that allowed for estimation of
composite change based on shrinkage estimators, in which imprecise species results.are shrurnk
toward species-group nieans based on common ecological biomes in which they breed and
overwinter (see below). For symmaries, estimates. of net population change were computed for
four general management categorizations (shorebirds, landbirds, waterbirds, waterfowl),
taxonomic familes, and breeding and nonbreeding biomes.

Our hierarchical model of composite change is similar in concept to the bird-group
indicator models used to summarize the status of major bird gréups at a national level inrecent
State of the Birds teports in-Canada and the United States (36, 37). These indicator models
estimate an average populatlon trajectory with respect to a base-year, across spemes ina group.
To this'basic group- -level model, we added 4 major.compaonents: (1) we added a non=parametric
smooth to each species estimiated population trajectory, accounting for the-uncertainty of each
annual value, to emphasize the medium- and long-term changes in species populations.and
reduce the effects of annual fluctuations; (2) we added a second layer to the hierarchical structure
to account for-influences on €ach species population trajectory from across the full annual cycle
{both nonbreeding and breeding biome); (3) we used the species-level predictions, instead of the

group-level trajectories simmarized for the State of the Birds reports; as tmproved estimates of a

species population tra_}ectory, and (4) we integrated these improved species trajectories with the
species-level population size estimates, to sample the full posterior distribution of population
change estimates for each species. The model, an R-script te run it, and all of the orginal data are

-avajlable on GitHub (https://github. com/AdamCSmithCWS/Rosenberg et -_al).

Data included in the modelmg were (1) species (s) population indices by year (v} and
associated variances ({3, 54 y) (2) species population size estimates and associated variances
(fis, ‘17_115; ); (3) year(s) in which each. species population size was estimated (e.g., most PIF
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population estimates represent the species mean population size. in the years 2006-2015; (K; =
10,k = 2006 — 2015);:and (4) information. regardlng wintering region and breeding biome
agsociations for each species (w = winteting region, b = breeding blome)

Non—parametrlc smoothmg of species’ tiajectories, centering, and missing data

We used a generalized additive model (GAM) to smooth each species ‘population
trajectory (i, 8%,) before including them in the main. model, similar to (38). The GAM smooth
allowed us to accommodate the wide variation in the underlying population trajectory data and.
models across the various datasets; for example, some species trajectories have gaps in the time-
series when data were not.available in a particular year, but were available before and after, -and
othier trajectories are derived from models that allow annual values to fluctuate completely
mdependently, leading to extreme annual fluctuations in relation to other species. Modeling each
species trajectory with a flexible smoother retains the most important medium- and long-term
patterns in the species’ population, and reconciles the level of annual variation among species.
We used the R-package mgev (39) to smooth each species trajectory, using a hierarchical
Bayesian GAM that accourted fori the uncertainty 'of each- annual index in the trajectory to-madel
maost species, and for the few species where published estimates of uncettainty were not
available (N = 3, Trumpeter Swan, Emperlor Goose, and American ' Woodcock), we used a
simpler non-Bayesian GAM function from the same package.

The annual predictions from the GAM smooth (is,y, 02 y) foreach species and from each
data-source were in different units, e.g., BBS estimates are scaled to the number of birds seen on
a single route and CBC estimates are scaled to the number observed in an average. count-circle.
To aliow for the hierarchical structure of the model that pools information across groups of
species (e.g., grassland birds that winter in Mexico), each species’ trajectory was re-scaled foa
common base-yedr (1970) and log-transformed.

P -is. '
Ls,i970,

Where, 55  isthe log-transformed standardized annual estimate for year y and species s
(isy) and represents the status of the species in year-y, as a propottion of the original estimate in
the base-year, 1970 (is, 1970) We calculated the variance of. 953, as the log transformation of the:
variance of a ratio of two randorn vatiables (Cochran 1977, pg. 183), making the simplifying.
assuming that the annual estimates are independent in time. We acknowledge that this’
assimption of independent estimates in time is certaintly invalid for adjacent years, but becomes
more plausible as length of the time-séries increases

2 2 '

ol o

i
o5 =In 1+5> i e
s l_s;y {51970

For 8% of species (43), population trajectories spanning 1970-2017 were not available.
About half have data-sources that started in the early 1970s and most of the remainder have
trajectoties: startmg in the 1990s. In these cases, we assumed that the population did not change
durmg the missing years. Years with missing trajectory information at the beginnirig of the time-
seties. (e.g., no data before 1993 for some boreal species monitored by the BBS) were given
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values equal to the first year with dafa (i.e. a conservative assumption of no overall change) but:
we increased the estimated variance: (% ) by the square of the numiber of years sincé non-

missing data, so that these imputed. data would have little overall effect on the final results. For
these species and years, because of the extremely high vatiance and the hierarchical structure of
the model, the modeled population trajectories and the annual iumber of birds were almost
entirely determined by the group-level mean trajectories for the other species sharing the same
wintering region and breeding biome..

The primary model: population trajectories accounting for nonbreeding-and breeding biome
Each species’ estimated status in a given year (9;,5,) was treated as a normal random
variable with mean 6, and a variance estimated from the species data:(agsy‘).

O |
The the species status parameter 6, was assumed to be normally distributed, governed
by a hyperparameter (,,, p,,,) With year-specific variance ('cr‘[f )

gs;y (auw b,yn )

representmg mean-status for all species with the same combination of wintering range
and breeding biome (e.g., all species that winter in South Amerlcan anid breed in the boreal
forest). This structure has the effect of shrinking each species: population frajectory towards the
mean trajectory for species.in the same nonbreedmg—by breedmg group. The mean trajectories
for each group (i, 5 5) Were estimated using an additive sub-model that combined the effécts of
nonbreeding and breeding biomes. The biome-level components of the additive model were
estimated using random-walk timme-series for the effects of nonbreeding biomes (w,, )-and
breeding biomes (5}, y)

Bwby = Owy + By

L[J-W,y — .N(&Jw,y_.i, O-ww)
Wiy 1970 = 0

Boy =N (Bb",y_»«.l_n 0 Ey')
Bb,w?.'o' =0

The random-walk structure has the effect of slightly smoothing large annual fluctuations
in the wintering-group annual means, while also allowing for non-linear- termporal changes across
the 48-year time series.

Integrating the population sizes and population trajectories

Each species’ population size estimate was.incorporated.in the model as the mean (fi )-and

variance (O'n ) of‘a normal distribution. Randem draws from those distributions () allowed the

model to incorporate the uncertainty around each species’ population estimate. We used the

4
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estimated. populatlon sizes and the population trajectories during the relevant years. represented by
each species” population estimate to calculate a. scaling factor {is,) that allowed us to re-scale the
species estimated population trajectory (6;,,;) 0 an estimated number of birds in each year of the
time-series (vs ). Each population estimate was related to a specific year ot range of years; e.g.,
all PIF population estimates reflect the species’ mean population size between 2006-and 2015
(K, = 10,k = 2006 — 2015). We estimated the scaling factors by averaging the ratio-across the
rélevant span of years, with K; = 3 as a minimum in a few cases where the species” estimated
population _rep'ort_ed_ly related to a single vear.

Y ( s ..
Y \&Xp(G5,))
K

P, =

vV v = ‘4)5'*'95',}’

All precision parameters were given diffuse gamma prior distributions, with scale and
shape parameters set to0.001. Formal measures of model fit are difficult to implement for complex

hierarchical .models, and are generally not presented for analyses of complex surveys (40) We.

used g1aph1cal comparisons between data and predlctlons (see additional figures available in the

data and codé repository) to ensure thére Was no important lack of fit between the model and the.

data.

Annual number of birds and overall population charige
We-calculated the overall population change by species () using the posterlor distribution

of the differencée between the estimated number of birds in 1970 and the number in 2017. We.

calcuilated the estimated number of birds in the Notth American avifauna for each year (N,) using
the posterior distributiom:of the annual sums of all species estimates. We calcnlated the overall net
change in the North American avifauna using the posterior distribution of the sum of the species-
level change estimates (A). Estimates of the annual number of birds (N;) and overall change (A)

by family, nenbreeding biome (Figure S1), breeding biome (Figure 1A). and combinations of

nonbreeding and breeding biome (Figure S2) were made from the posterior distribution of group-
level summaries across all 8- sper:1es ina group

A= V51976 — Vs,2017

y = Zsl("sy)
1= 60

Sources of Population Trajectories for North American Birds

‘We compiled long term population trajéctories for 529 species, based on the best available
survey data for each species (Table S1; see Data S1 for species-specific information). We note that
this' compilation reflects standard’ data sources used by North American bird conservation and
managerent (23, 36, 41-45). We are fortunate that standardized, long-term survey data exist for
a majority of North American bird species, perhaps the best-monitored group of organisms

5.
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globally. We used trajectory estimates based on surveys of breeding populations whenever
possible; however not all species are well-monitored during the breeding season, and for 18% of
species we relied on surveys from migration periods or winter (Table S1). In all cases, trajectories
and population estimates for each species were calculated from data during the same season (i.e.,
breeding to breeding, winter to winter). We could not find credible surveys for estimation of
continent-scale trajectories for oceanic birds, many coastal-nesting seabirds, and other rare,
secretive, range-restricted or nocturnal species. However, our synthesis includes 76% of species
that breed regularly in the continental U.S. and Canada (46), and these species likely account for
95%-99% of total breeding abundance across the North American avifauna (i.e., most species
omitted have very small populations in the U.S. and Canada).

For 434 species (82% of 529 species considered) we used trajectories from BBS data, most
of which are updated annually and publicly available at https://www.mbr-pwrc.usgs.gov/. For
species surveyed by the BBS, a hierarchical model (47) was used to estimate annual indices of
abundance. In our hierarchical analysis, annual indices are based on regional fits within states and
provinces that are weighted by area and local abundance to accommodate differences in population
sizes among strata. For a majority of species (415) we used data from the ‘core’ BBS area from
1970-2017, based on road-based survey routes in the contiguous U.S. and southern Canada. For
19 species with restricted or northern breeding distributions (See Data S1), we used data from an
expanded analysis beginning in 1993, including additional BBS routes in Alaska and northern
Canada (48). The proportion of each species’ breeding range covered by the BBS is provided in
(33), and all metadata and data are available (https://www.pwrc.usgs.gov/bbs/).

Potential limitations or biases in BBS trends (overall rates of change across the trajectories)
have been extensively examined and documented (e.g., (33, 49)). In general, there is no evidence
to suggest that estimates of population trends from the BBS are systematically biased across large
spatial areas or across many species. Published studies that have examined the potential roadside
bias in BBS trends have found that the magnitudes of bias in the sampling of habitat-change are
generally small, e.g. (50-33), that potential biases vary in space (e.g.. contrasting biases in the
regions used in (54), or in (55)), and that they vary among species (i.e., if biases exist, some
species’ trends may be underestimated and others overestimated, e.g., (55, 56)). Overall, BBS
routes survey a reasonably representative sample of the overall habitat in the landscape at the broad
spatial and temporal scales, for which the BBS was designed (50).

National Audubon Society Christmas Bird Counts (57) provided trajectory data for 58
species; these are primarily species that breed in northern regions not surveyed by the BBS. but
are encountered in CBCs because they spend the non-breeding season primarily within the U.S.
and southern Canada. The CBC protocols are less standardized than BBS, but annual winter-season
counts in fixed 15-mile diameter circles cover a large portion of the U.S. and Canada, especially
in coastal regions. Trajectories from CBC data were estimated using a hierarchical model that
controlled for effort (57). Annual indices to compute trajectories from the CBC for the 1970-2017
period were provided to us by Tim Meehan (National Audubon). _

Trajectories for 20 species of long-distance migrant shorebirds came from an analysis of
migration monitoring surveys carried out across Canada and the United States (38, 59). The
shorebird migration surveys used here are part of the International Shorebird Survey, coordinated
by Manomet, and the Atlantic Canada and Ontario Shorebird Surveys, coordinated by
Environment and Climate Change Canada. Volunteers carry out surveys every 10 days in spring

and fall, at sites distributed across Canada and the United States but concentrated primarily in the
eastern half of the continent. Analyses of shorebird trajectories from fall count data, 1974-2016,
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were carried out using hierarchical Bayesian models similar to those used for the BBS (47), with
an additional General Additive Model (GAM) component to describe variation in birds’ abundance
during the period of migratory passage. The model assumes that counts follow an overdispersed
Poisson distribution, and includes terms for a long-term, log-linear trend, year-effects and site-
level abundance. Sites were grouped into biologically relevant regions, and trend terms within
each region were estimated as hierarchical random effects distributed around a mean, continental
trend. Methods and survey coverage are described in more detail at wildlife-
species.canada.ca/bird-status (https:/tinyurl.com/yak95ssn). For one shorebird species, American
Woodcock, we made use of Singing-ground Survey estimates from the 2017 American Woodcock
Status report (60).

For nine species of intensely managed waterfowl we relied on trajectory data from the U.S.
Fish and Wildlife Service (USFWS) (61), and trajectories for nine additional waterfowl species
came from other species-specific sources (see Table S1, Data S1). Trajectories for many waterfowl
species were computed using population estimates from Spring Breeding Ground Surveys, which
use a combination of aerial and ground-based counts in late spring, covering 2.0 million square
miles in Alaska, Canada, and the northern U.S. (Table ¢3 in (61)). For a small subset of species,
we employed other sources of trajectory information where this resulted in better coverage of
North American populations, and/or more current information. For all goose species we relied on
estimated trajectories from the same sources of information on population trends reported for
North American goose populations by Fox and Leafloor (62); these sources represent the most
appropriate survey for each species as determined by experts on goose populations. Finally, for
Trumpeter Swans we relied on values in the 2015 North American Trumpeter Swan Survey report
(63).

Sources of Population Size Estimates and Variances

We relied on the best available data sources and published estimates of North American
breeding population size and variance for all species with credible data (Table S1; Data S1). The
largest source of population estimates for our current analysis (65% of species) was the recently
published PIF estimates for 344 landbird species (35). The PIF estimates were based on
extrapolations from BBS count data from 2006-2015, using previously described methods (64—
67). Averaged annual BBS counts were converted to a regional (landscape-scale) abundance
estimate through the application of detectability adjustment factors for time-of-day. detection
distance, and likelihood of both members of a pair being detected on BBS routes, and extrapolation
from BBS count area to area of the region. These regional estimates are calculated for each state,
province and territory portion of each Bird Conservation Region (BCR), and then summed across
regions to derive U.S.-Canada population estimates. Estimates incorporated uncertainty in the
estimation components, resulting in confidence bounds around the final estimates (35). Population
estimates are therefore adjusted for detection, account for variation in relative abundance across
the species’ range, and are accompanied by a measure of uncertainty. This approach to estimation
of total population size has been widely adopted in conservation planning (35), and is considered
to be conservative, likely underestimating true population size due to sampling concerns associated
with BBS data (67). .

The PIF methods for estimating population size have historically been applied only to
landbirds (41, 42). For this analysis, we determined that the BBS also provides adequate survey
coverage for 46 waterbirds, and 6 waterfowl that otherwise were lacking useful population
estimates (see Data S1 for sources by species), and we applied the PIF approach for calculating
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population sizé ‘estimates to data for these species. ‘Adjustment factors-used in the estimation of
U:S.-Canada population sizes for-the current analysis, based.on BBS relative abundances, .are
provided in Table S2. More details on the use.of adjustment factors and their ranges of uncertainty

for landbirds can be found in (35).

Estimates of population size for many shorebirds and ‘waterfowl came from published
sources that rely on other suiveys. Estimatés for 12 waterfowl species were from the 2017 USFWS
Waterfowl] Status Report (67) (7 species from tradifional area surveys, 2.from eastern survey area,
2 summed. from traditional and eastern surveys, and 1 from western survey area) — for these

species, we used an average of pubhshed estimates: across the last 5 years (2013-2017) to-smooth
out annual variance in population sizes. Estimates for 14 additional waterfow] species were based

on a 2007 Seaduck Joint Venture Report (68). All 45 shorebird species estimates ‘were North.
American population estimates (69) from the Shorebird Flyway Population Database (70).

Other estimates of population size came from spec;cs-spemﬁc sources (Table S1; Data S1):
We used published estimates from Birds of North Ameérica (BNA)-accourits (71) for 33 species; a
Conservation of Arctic Flora and Fauna (CAF F)y2018 report provided current estimates for 7 goose
species (62); estimates for 17 landbird species-without useful BBS-hased estimates were taken
from the Avian Conservation Assessment Database ACAD (46, 72), which itself relied 6n a variety
of sources; the 2015 North American Trumpeter Swan Survey (63) was used for Trumpeter Swan,
and the Waterbird Population Estimates: database (WPES) provided estimates for Arctic Tern {73).

Most sources: of population estimates also provided estimates of variarice in population
size, which we incorporated into our analysis, For:those that did not, we estimated a range of
variance. based on a-description of methods used for populatmn estimationi. For example, we
applied a: range 10% below and above the mean for: species if estimates were based on well-
designed surveys with good population coverage, versus 75% below and above the mean for
species with' ballpark estimates and/or low coverage of relevant populations, with an intermediate
range of variance if limitations were between those two.

Note that ouf goal was to ¢ompile and use the most current estimates of breeding population
size for each species; i.e., the number of breeding aduit individuals in the population. We did ot
attempt to estimate the annual increase in population size due to the influences of reproductive
output, as this will likely vary greatly across species.and years and be subject to density-dependent
effects. Total population size varies throughout the annual cycle, but post-breeding total population
could increase as much as four to five times the size of the pre-breeding population size depending
on recruitment success of young of the year. Estimating this annual variation for individual species
is currently impossible, but it is important to point out that the cumulative impact of population
loss on ecosystems throughout the. year coiild be. quite- significant. Our estimates. of population
change are therefore conservative.

Assigning species td management and biome categorie

For the purpose¢ of summarizing changes in abundance across the North American
avifauna, we recognize four broad species categories used for management and conservation
planning: Landbirds are defined by Partners in Flight (47, 42) as all birds occupying terrestrial
habitats and a few species from primarily terrestrial bird families that use wetland habitats (e.g.,
Marsh Wren, Czsrothorus palusms) ‘The ACAD lists (448) native lanidbirds breedmg in the U.S.
and Canada; in this paper we include 366 laridbird species with adequate population size and

trajectory data, including 9. introduced species. Shorebirds include all sandpipers, plovers, stilts,
avocets, and oystercatchers that are considered under the U.S. Shorebird Consetvation Partnership
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(43);-we had adequate data for 45 shorebird species for the current analysis. Waterfowl include all
ducks, .geese, and .swans, which are managed separately under the North American Waterfowl
Management Plan; most species have populatlons that are adaptively managed. for sport hunting
(23). We had adequate data for 42 species in the current analysis, including 1 introduced species.
Other Waterbird species that are not specifically covered by the three plans above are included
under the Waterbird Conservation for the Americas initiative (44); these include colonial-nestirig
seabirds, herons, beach-nesting . species and secretive marshbirds. Waterbirds are most poorly

represented in our dataset, as. many speci¢s are poorly monitored. We had adequate data for 77

species ini the current analysis.

We assigned each species to a primary breeding biome and a primary nonbreeding biome;
using the Avian Conservation Assessment Database: The ACAD provides broad breeding-habitat
categories {e.g., forests, grasslands, oceans) derived from similar catégotries used to clevelop habitat
indicators for State of the Birds reports in the U.S. and Canada (e.g., (36, 43)), as well as‘more
descriptive sub-categoties within majot habitats (e.g., Temperate Eastern Forest; Desert Scrub,
Freshwater Marsh). All category assignments were based on literature review (primarily BNA
accounts) or expert knowledge and underwent extensive review as part of the ACAD process (66).
Species that use three or- more broad habitats in similar importance were considered habitat
generalists.

For this paper, we used a €ombination of Primary Breeding Habitat and Breeding Habitat
Descr rprzon sub-categories defined in the ACAD to detive a smgle set of unique breeding biome
categories across the North American avifauna (shown in Fi igure. 1A), as follows:.

Wetlands = freshwater, inland wetlands; does not include coastal marshes or Arctic tundra
Coasis = all habitats associated with the Coastal Zone, including saltmarsh, beach and tidal
estuary, mangroves, and rocky cliffs and islands; includes birds that forage primary in-the
marine zone

Tunidra = Alpine tundra and Arctic tundra, including uplanid and low, seasonally wet tundra

e Grasslinds = native grassland, prairie, pasture, and -agriculture that supports grassland
birds '

»  Aridlands = all arid shrub-dominated communities; primarily in southwestern U.S. and
northwestern Mexico; includes ACAD sub-categories of sagebrush, chaparral, desert.
scrub, barren rocky cliffs, and extensions of tropical dry forest (thornscrub) in southern
Texas

'»  Boreul forest = "Tiug" boreal forest of Canada.and Alaska; note that some boteal-forest
birds also use the boreal zone (primarily spruce-firy of high mountains:in the western and-
nottheastern U.S.

o Eastern forest = all temperate forest types of eastern U.8. and southeastern Canada (south
of the. boreal), including northern hardwoods, oak-hickory, pine-oak, southern pine, and
bottomiland hardwood associations :

e Western forest=all temperate forest types of western U. S. and Canada (south of the boreal}
and extending in high mountains south into northwestern Mexico; includes Pacific
Northwest rainforest, all western conifer, oak-dominated, and rlparlan forests, pinyon-
juniper, juniper-oak woodlands of Edward's Plateau, pine-oak and high-elevation conifer
forests of northwestern Mexico -

»  Forest generalist = occurs in similar abundance in two or more forest biomes. as described
above
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* Habitat: Generalist = occurs in similar abundance. in three or more major habitat types,
usually including forest and non-forest categories

The ACAD database also lists Primary Wintering Regions, in which a majority of the population
of each species spends the stationary nonbreeding period during the boreal winter. For this paper
we modified -and ‘lumped ACAD regions inio broader nonbreeding biome categories, using
published range maps and eBird distributional data (https://ebird.org/explore), as follows:

o Temperate North America = broad region encompassing all of Canada and most of the
U.S., excluding arid regions in the Southwest

o Southwestern Aridlands = arid regions of southwestern U.S., horthwestern Mexico and
Mexican Plateau; included species that winter in arid Chihuahuan grassland habitat

s Mexico-Central America = combination of ACAD regions within Mexico. and Central
America, mcludmg Pacific Lowlands, Gulf-Caribbean Lowlands, Mexican Htghlands and
species from Central and South American Highlands that winter primarily in Central
America

*  South America = includes South American Lowlands, species from Central and South
American Highlands that winter primarily in South America, and Southern Cone ACAD
regions

e Caribbean = West Indies region, including Cuba, Bahamas, Greater-and Lesser Antilles

*  Widespread Neotropical = oceurs.in similar numbets in two or more biome regions within
the Neotropics

* Coasial = coastline habitats throughout the western Hemisphere from. Arctic to Atlantic
and Pacific Coasts of North, Middle, and South America; eastern Hemisphere coastlines
were inclided to incorporate the main wintering grounds of Pacific Golden-Plover

»  Marine = littoral zone; area of oceans influenced by continental coastlines; includes bays
and deep estuaries (mcludes a few species that are largely pelagic in the nonbreedmg
season)

* Widespread = occurs ‘in similar abundance in 3 or more nonbreeding biomes, usually
encompassing both temperate. Norlh American and Neotroplcal reglons

*  Southeast Asia = overwmterlng region for Arctic Warbler (and additional Arcttc-breedmg
'specn:s not included in the presént analysis); note ‘that this: nonbreeding biome is not
included in summaries presented .in Table I and Figure S1, byt data for Arctic Warbler
(Data 81) and included in higher level summaries of population change for all birds,
breeding biomes, etc. :

Computing veitical profile time series of birds from NEXRAI radar data

While- dESIgned tomonitor meteorological phenomena (e.g., prempltatlon tornados, hail),
weather radars routinely detect. migrating birds, Weather radar infrastructure represénts a
biological monitoring tool that achieves an unprécedented spatial and temporal coverage for
studying bird migration (74). The NEXRAD weather radar network consists of 143 radars in the
contiguous US that continuously sutvey the aitspace above the US ( 75). Each of thes¢ radars was
used to estimate vertical profiles of birds ; which summatize a radar’s scans completed at'a given
timestep into the amount, speeds, and dlrectlons of birds aloft as a function of altitude. Profile data
can be used to accurately ¢stimate migratory biomass abundance and its change throughout the
year at comprehensive continental scales (79, 77), an approach we extended here to detect long-
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term change in miggatory passage across thie full US. We testricted our analysis to spring data only
(Mar 1 to Jul 1), which is the migratory period closest in time to the breeding bird surveys by BBS.
Also, aetial insects are far less numerous in the airspace in garly spring as compared to autumn,

therefore the spring period aliows us to.obtain the cleanest bird signal ftom NEXRAD (see final

paragraph of section “Calculating biomass passage from vertical profile time series” below).

Data were obtained from the NOAA-nexrad-level2 public 83 bucket on Amazon Web
Services (78). Data were analy_z_ed for: the period 2007-2018, the period after the Open RDA
deployment in NEXRAD (RDA build 7.0), which was a significant upgrade to the Radar Data
Acquisition. (RDA) functional area- ofthe WSR-88D. In pamcular it implemented Gaussian Model
Adaptive Processing (GMAP) (79, 80), replacing and improving over the legacy ground clutter

filter (81) by Doppler filtering. We did not include older potentially Tower quality data in the

analysis to limit the possibility of legacy filter settings affecting our-results. Trend analyses (see
following sections for details) controlled for two important data acquisition updates, the gradual
upgrades to superresolution (2008-2009) and dual-polarlzatlon {2010-2013). The superresolution
upgrade increased: the azimuthal resolution from I to 0.5 degfee and range resolution from 1 km
to 250 m. The dual-polarization upgrade added functionality fo receive-horizontally and vertically
polarized electromagnetic waves indépendently, which provided additional products that greatly
simplify the classification of meteorological and biological scatterers (82).

‘Night-time polar volumes (level-IT data) were processed for all 143 radars inthe contiguous

'US at half-hour interval from 2007-2018 using the vol2bird algorithm (vérsion 0.4.0) (76, 83, 84),

available ini R-package bioRad (version 0.4.0) (§3, 85). Using cloud computing with 1000 parallel
cores on Amazon Web Services (AWS) we reduced this computational task of ~ 4 yearson a single
CPU to less than a day. Data were processed using the vol2bird algorithm in single-polarization
mode (76), which requires.radial velocity and reflectivity factor information only and no dual-
polarization data. Dual-polarization data became -available. only after mid=2013, and therefore
cannot be used for analyses involving older data. Tn single-polarization mode, resolution samples
with high reflectivity values are masked out (1 above 36000 ¢cm*/km’, i.e., 31 dBZ 4t S-band / 20
dBZ at C-band, cf. algorithm ‘parameter ETAMAX and paragraph 3. 2.in (76) ), since such high
reflectivities are typically associated with precnpltatlon (76) The algorithm also identifies
contiguous areas of direct’ neiglibors (in a queen’s case sense; i.e., diagonal pixels are included as
direct neighbors) of reflectivity above 0 dBZ, denoted as reﬂectmty cells. Cells with a mean
reflectivity above 11500 cm*km? (i.e.. 26 dBZ at S-band / 15 dBZ at C-band, cf. algorlthm
parameter ETACELL and Zcen in (76)) are masked from the data; Following rccommcndatlons for
S-band data discussed in (83), we used sd_vvp threshold=1 m/s- (cf. Eq. A2 in (76)) and
STDEV_CELL=I m/s (cf. Eq. A3 in (76)) to limit maskirig based on radial velocity texture at S-band.

At S-band, single-polarization- mode masks out only the strongest precipitation areas, and
weaker precipitation may remain (83) (see Flgure S3C/E). Precipitation . is generally easﬂy
identifiable in vertical profiles by experts, based on high reflectivities extending over a relatively
large portion of the altitude column (see Figure $3D). Such precipitation cases stand out from bird
migration cases, which are characterized by low reflectivities that typically decrease with altitude
(see Figure S3A), We used machine learning to develop a full-profile classifier that automatically
identifies precipitation-contaminated profiles, as follows.

Years when dual-polatization data were available (2014-2017) were processed a second
time in dual-polarization mode (79, 83), which adequately removes precipitation based on high
correlation coefficient values. (19, 82). These prec1p1tatlon-free profile data wete paired with'the
smgle-polarlzatlon profile data. By comparing the precipitation-free reflectivity (fquapot» ©f.
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Fi gure S3A) with the'total reflectivity including precipitation (1o, derived from reflectivity factor
DBZH, cf. Flgure S3D), we defined a measure that indicates. the range of altitudes H (m) likety
containing precipitation, as follows:

nlaye_r-

H= Z (if Protati —Mdualpoli > A then Wigyer else 0)

with A=50 ¢m 2 k3 (corresponding to 3 dBZ at S-band), and wise; the width of a. smgle altitude
layer (200 m). The value of A amounts to a falrly low ‘threshold value for classifying potential
precipitation, as mieteorologists typically assime weak precipitation to start at 7-dBZ (86) (133
cm? km? ata 10.cm S-band wavelength), and tlierefore the vast majority of rain events will show
differences in reflectivity exceeding A. We labelled all single-polarization profiles in the 4-year
dataset with their corresponding H value.

Next;, we used gradient boosted trees to detect rain-contaminated proﬁles computed in
single-polarization mode automatically in an unsupervised. learning approach using the H value
as our labeling of profiles, with higher H values. indicating a wider altitudinal range- containing
precipitation, We used the R implementation of XGBoost, & highly efficient and scalable gradient-
boosting algorithm, which can deal with complex nonlinear interactions and colllnearlty among
predlctors (87, 88). We. used default hyperpatameter settings of the: xgboost algorithm (learning
rate eta=0.3, tree depth max depth=6, min_child_weight=1, gamma=1, colsample_bytree=1, and
subsample—l) Full-profile «classifiers were trained for each radar separately. Response variable
was the range-of aititudes with. prectpltatlt)ll H. Predictors included total reflectivity factor (DBZH),
precipitation-filtered reflectivity in. single-polarization mode (eta), ground speed componerits
(u,v), all at each of the 20 profiles altitude layers, as well as. day of year (1-366) and time of day
(UTC time). Profiles of each radar were randomly a551gned to training (75%) and testing (25%)
datasets.

.Finally, we determined the parameter Hmax as the value of H above which profiles are
removed in order to discard precipitation contaminations. The value of Humax Was determined using
Figure 84, showing an R-squared measure that quantifies the correspondence between the seasonal
rmgratlon traffic MT (see next paragraph for definition) of the single-polarization vertical profile
time series (with contaminated profiles removed by the full-profile classifier), and the seasonal
migration traffic of the reference computed. in dual-polarization mode. This R—squared measure
amounts to the the coefficient of detériination of the scatter points in Figure S5 for a given value
of Hmax. We choose the value of Hma=1600 m, producing the best correspondence between the
dual—polar;zatmn reference and our new single-polarization method. Gaps in a radar’s profile time
series (after removal of rain-contaminated profiles) of less than 4 hours were filled by Imearly
interpolating between the neighboring profiles ditectly before and after the gap.

Applying this value of Huax and the full-profile classifier on the testing dataset, we find a
precision to correctly classify a profile as rain-contaminated of 99.2%, and a recall ‘of rain-
contaminated cases of 97.4%. Precision and recall (89) did not depend stiongly on the value 6f the
Hunax threshold, e.g.; for Hunax = 800 m we have a precision of 97.0 % and recall of 99.0%, Cur
classification performance therefore did not depend critically on the adopted value of the Hpax
parameter.

Calculating biomass passage from vertical profile time series

12
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Nightly reflectivity traffic (RT) (83) was. calculated for the vertical profile fime series of
¢ach station for each night with the mtegrate _profile() function in bioRad (version 0.4.0) (83, 87),
which equals the total reflectivity crossing the radar stations per season per one kilometer transect
perpendicular to the ground speed direction of movement. Reflectivity traffic is closely related to

the amount of biomass that has passed the radar station (83). It can be converted to migration traffic

(MT), the number of individual birds having passed the radar station' per km transect, under
assumptlon of radar cross.section (RCS) per individuval bird, as in MT = RT/RCS. To express RT
in a more intuitive unit, we repoit MT values in figurés using a constant seasonal mean RCS =11
em? for an individual bird. This value was determined in a calibration experiment spanning a full
spring and autumn mi igration season (76), correspondmg to.passerine-sized birds (10-100 g range)
(90), which represents the highest-abundance species group dominating our radarsignals (19). As
additional quality control for non-avian 51gnals -we only included altitude layers of profiles for
which ‘the-ground speed direction was in the nostliward semicircle: surrounding a radar, since
migratory bird movements in spring are expected to fall within this semicircle.

Spatial interpolations across the contiguous US of nightly migration: traffic-'were estimated
by ordinary kriging with a spherlcal variogram model, using the R package gstat (97). We clipped
water areas. after -intérpolating, leaving land areas of the contiguous United States. Missing
estimates of nightly migration traffic {e.g., due to temporary radar down time) were imputed from
nightly kriging-interpolated maps-of MT based on operational stations, imputing the MT value at
the location of the inactive radars. Parameters of the spherical variogram model were estimated
for each night. In cases where the variogram fit did not converge - typically durmg nights with
very limited migration - we used vanogram parameters fit to the average seasonal spring migration.
traffic (partial sill = 0.577, range = 1093 km). Radar availability was very hlgh therefore only a
small percentage of in total 2.8% of nightly MT values were imputed by this procedure.

Total sedsonal migration traffic was calculated as the sum of nightly MT values within a
season from Mar 1 to Jul 1. Radar seasons were excluded from trend analysis entirely if data
availability dropped below 8§0% in the period 1 Mar — 1 Jul (4.8% of radar seasons for 143 stations-
during 11 spring seasons). ”

While traffic rates: suppress any non-migratory stationary signals, like those of non-directed
foraging movements of insects or bats.(19), a small contribution of direcied migratory movements
of bats or insects-could remain in our data, Free-tailed bats in the south are known to show up i
radar (92) and have a population size estimated up to 100 million individuals (93), which amounts
touptoa few percent of the total migratory passage of several billion birds along: the southern
border (/9). In the North-East - where we observe strongest declines in biomass passage - several
migratory tree-dwelling bat species oceur, but their population sizes are thought to be smaller than
of free-tailed bats. For the .period 2013-2017 we have provided earlier a detailed quantitative.
estimate of the upper fimit to.the migratory insect contribution to'the migratory passage in autumn,
when insect abundanices are highest. The estimated passage due to insects was 2.1'% (northern US
border) — 3.8 % (southern US border) (79). Our current study is conducted in spiing when aerial
insect abumdances are far lower (94), especially in the North East where we observe most declines,
and we estimate the insect contribution to: the biomass passage to be on the order of a percent or
less.

Calculating trends from seasonal biomass passage.values
To. correct for potential radar sensitivity changes related to radar processing upgrades, we
determined the timing of the upgtade to super-fesolution and the upgrade to dual-polarization for
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each station. Radar seasons for which the upgrade fell within a migration period were excluded
from the analys1s The mode of operation was classified as- “legacy” (before superresolution
upgrade), “supertes” (after superresolution upgrade, before dual-polarlzatlon upgrade) or
“dualpol” (after dual-polarization upgrade), and stored as a factor variable ‘mode’ having three
factor levels to denote-each mode of operation. Variable ‘mode’ was included in models to correct
for changes in operational mode. We also tested for the effect of dual-polarization and
supetresolution upgrade- separately In these cases, factor variable ‘mode’ was replaced with a
loglcal explanatory variable ‘dualpoI’ (true after dual-polarization upgrade, otherwise false) or
‘superres’ (true after superresolution upgrade, otherwise false) in the trend models. The total model
candidate set thus contained 4 models, enconipassing all combinations of possible corrections for
mode of operation, including no correction,

We estimated geographlcally varying trend patterns using a spatial GAM (93) using the
mgev package in R (39). Séasonal migration traffic was standardized to each radar’s 11-year mean,
stored as variable ‘index’. We then modeled the spatial trend usingan offset tensor product smooth
te(fon,lat) and a tensor smooth representing ‘a spatially varying linear. trend with year
te(lon,lat,by=year) on the linear predictor scale (see Table $3). We used a Gamma dlsmbution
with log-link, such that our linear trend smooth tetm on the linear predictor scalé represents a

spatially varying annual raté of change: Hrend (With standard deviation. oyend) on the response scale.

The Gamma distribution accommodates a simall tight-skew in our continyous positive response
variable and warrants normality of deviarice residuals, as inspécted using QQ plots, Plots of the
spatial trend surfaces estimated for the models in Table $3 are shown in Fi gure S7..

Changes in séasonal migration traffic (Table S4, Figure 2D) were calcilated as the GAM
prediction for year 2007 minus 2017 (the proportional loss over 11 years), times the 11-year
average seasonal migratory traffic (MT) of each station. The sutface of average migratory traffic
was obtained from a kriging interpolation of the 11-year mean seasonal MT value for each station
(see Figure S6, 2). Average trends for the entire US. (see main text and Table- S3) were averaged
over all pixels of these spatially-explicit decline and loss surfaces.across the contiguous US, using
arithmetic mean and harmonic mean for calculating ‘mean and variance values, respectively, .
¢ffectively weighing the trend by passage of biomass, The trend value reported in the main text
refers to this blomass—welghted average trend for a- mode] average of all GAM models in our
candidate set {listed in Table. S3). Models were averaged usmg package MuMIn (96) which
averages models based.on ATC (97).

We also estimated continental-wide trends in migratory passage and trends for four: flyway
regions: Atlantic, Mississippi, Central and Western, following the definitions of the US Fish and
Wildlife Service, REF (cf. Figure 2B,C). We fitted generalized finear mixed models using R-
package Ime4 (98), including radar station as-a random offset, and region and the interaction

‘year:region as fixed effects, see Table S4 for model structures and Table S5 for estimated model

parameters. Like in the GAM analysis, the candidate model set equaled for 4 models, containing
all combinatiotis:of possible corrections for operatlonal ‘mode. _

Regional biomass passage indices (Figure 2A,B) were calculated as the yearly sum of
séasonal migration traffic values MT for the radats within each region, standardized by the sum of
seasonal migration traffic values MT for all radars in the network: of the first year (2007). Values
of regionalized decline rates (Atlantic, Mississippi; Central and Western) in the main text are based
on the mode] average (96) of all GLMs in the-candidate set, Reported errors represent standard
errors at a'95% confidence level.
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Our GAM analysis (Table S3) and. GLM analysis (Table S5) both found support for the
dual-polarlzatlon upgrade - affecting the value of MT, but not for the superrésolution upgrade:
including variable ‘mode” did not preduce a more iiformative model relative to a model with
variable “dualpo!’ that makes no distinction between “legacy” and “superresolution™ data. Effect
of the dual-polarization upgrade was a reduction in seasorial migration traffic by a factor 0.85.
0.03 (regionalized GLM) or 0.88 *.0.05 (spatial GAM). Accounting for potential changes in
detectability effectively reduced- the steepneéss of decline rates and biomass loss. Both the
superresolution and dual-polarization upgrades were designed to prevent changes in detectability
and minimize bias effects for meteorological echoes as much as possible, and it is not known
whether including correction terms for biological echoes is required. We report versions of' the
models with and without correction terms such that the effects of these corrections. can be
compared. By including correction terms, potentially part of the declines in seasonal migration
traffic.are modelled by the detection-related explanatory variables, and our estimates of decline of
models with most infgrmation-theoretic. support (model 1, model 5) ‘are thus potentlally too
conservative, Importantly, the presence of an average declme in the passage of migratory biomass
is robust to inclusion of cérrection terms for changes in- ‘operational mode of the radar, and even
our most conservative rates of decline are alarming.
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Fig. S1. Net population change in North American migratory birds grouped by non-
breeding biome. (A) By integrating breeding-season population trajectory and size estimates for
529 species (see Methods), we show tthe continental avifauna lost > 2.9 billion breeding birds
since 1970. Gray shaded region represents = 95% credible intervals around total estimated loss.
Map shows color-coded non-breeding biomes based on primary overwinter distributions of each
species (See Methods). (B) Net loss of abundance occurred across all major non-breeding
biomes, except Caribbean (see Table 1). (C) Proportional population loss, +95% C.1. (D)
Proportion of species declining in each biome.
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Fig. S2.

Change in number of birds in North America by combined nonbreeding and breeding biomes
from 1970-2017. Each panel of the figure shows the 1970-2017 trajectory of summed abundance
across the species that share a given combination of nonbreeding and breeding biomes (e.g., the
first panel shows the trajectory in summed abundance across the 3 species that winter in the
Caribbean and breed in the boreal forest). The panel title indicates the wintering biome followed
by the breeding biome; labels within the plots show the estimated change in total abundance in
millions (M) of birds between 1970 and 2017, and the number of species included in the group.
Colored lines and the colored uncertainty bounds represent the median and 95% C.I. of the
posterior distribution from the hierarchical Bayesian model. The panels are sorted by
nonbreeding biome and the lines are coloured based on the breeding biome.
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Fig. S3.

Example of vertical profile time series for bird density and speed retrieved in dual polarization
mode (A, precipitation-free reference) and the final single-polarization product used in the study
(B) for the KBGM radar from 28-31 May 2017. The full-profile classifier that screens
precipitation uses the reflectivity product obtained in single-polarization mode (C) and the total
reflectivity including precipitation (D). Precipitation is characterized by high reflectivities
spanning a large part of the vertical air column (see D), as well by cases in which the single-
polarization rain filter removes part (but not necessarily all) of the signal (C versus D). The final
single-polarization product (B) closely matches the dual-polarization mode reference (A), see
also E, black and blue lines closely overlapping).
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830  Fig. S4.

‘831  Coefficient of determination R* between full-spring seasonal migration traffic values calculated
832  in single polarization mode (rain-filtered using full-profile classifier) and dual-polarization mode
833  reference (R? based on n=143 stations * 4 years = 572 points), as a function of the classification

834  threshold Hmax. The value of R? peaks at Hmax = 1600 m .
835
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Fig. 85. Seasonal migration traffic (MT) as estimated in dual-polarization mode and in single-
polarization mode (rain-filtered using full-profile classifier) for the years 2014-2017 (n=143
stations * 4 year =572 points). Solid line equals the y=x line of perfect correspondence. This
figure shows MT values for Hma = 1600:m, which achieves the best cotrespondence with the
dual-polarization reference mode (see Figure S4). '
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Fig. S6. Cumulated nocturnal migration traffic (biomass passage) MT in spring (1 Mar—1 Jul)

averaged over 11 seasons (2007-2017). Darker colors indicate miore migratory biomass passage.

MT. Vilues gwe the numbers. of birds passing per 1 km transect perpendiciilar to the migratory
direction per spring season. Radar reflectivity was converted to bird numbers under the
assumption of a constarit radar cross section of 11 cm? per bird. Ordinary kriging was used to

interpolate betweei radar stations. Dots indicate locations of radar station sites.
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Fig. S7. GAM spatial trend surfaces estimated for the models in Table S3 for the period 2007-
2017. Darker red colors indicate higher declines and loss of migration traffic (biomass passage)
MT, while blue colors indicate migration traffic increase. Gray shaded regions have an annual
rate of change irend that is smaller than twice the standard deviation in the rate of change Girend.
i.e. tirend < 2*0end. Overlaid circles indicate single-site trend estimates (circle color) and their
significance (circle area ~ log(1/p)), with closed circles being significant at a 95% confidence
level. Single site trends are fits to seasonal migration traffic data of each radar site separately,
using a Generalized Linear Model (GLM) with a Gamma distributional family and log-link.
Detectability effects as estimated by the GAM were accounted for in the single-site data prior to
fitting the GLMs.
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868  Table S1.
869 - Data soutces for population size estimates and population trajectories for 529 North American
870  bird species included in the net population change-analysis for the present study. We used
871  published sources of data wherever possible, and applied pubhshed methods to.calculate
872  estimates for the remaining species. Brief description of methiodology, time-span, seasonal, and
873  geographic coverage of surveys and other data sources provided, along with number of species
874  for which that source was used and key citations.
875
. _ : : _NSpp. | N Spp.
Data source Years Season | Methods - Coverage Trajectory Pop Refs
North American | g |~ |25-mileroadside 3, jo5 e in contiguous (33, 34,
Breeding Bird - Breeding  |surveys with. 50 3- s - 415 0 _
Ny _ 2017 : RN U.S., southem Canada. A7)
Survey (BBS) minute point counts
North American 1993- 25-mile roadside" ggg:;:;a?br{;::e;;ﬁh _ _
Breeding Bird . Breeding | surveys with 50 3- 19 0 {48)
A 2017 northern Caiada and
Survey (BBS) minute pomt counts .
Alaska
Audubon. - Non-standard counts | ; ..o oo o o )
Chiristmas Bird égzg' Winter | within 15-mile I;fdﬂ.g;‘?;ggf circlesin U.5. | 5 lo (57)
Count (CBO) h -diameter circles. 4
Partners in Flight |, .. . E_xtrapoi_gition from
(PIF) Popuilation | 2000 [Breeding | pRgand other Saine as BBS, above 0 399" [(35)
A 2015 |adults 2> ang B N
Estimates -survey cotint data
Aerial-or ground
Arctic goose ‘surveys or mark- PRV
surveys (CAFF ;g‘ri Variable recapture models, _C_ont.lnentw1de foreach 7 7 (62}
PR - g - |species :
2018) depending on
species
‘Shorebird- 1974~ Fall Volunteer-¢onducted | Canada and U.5., } _
Migratiof’ 2016 mieration | SUFYEYS atpre- concentrated in eastern 20 0 (38, 59)
Surveys’ g determined sites portion
USFWS Actial suryeys- 2.0 million square'miles in
Breeding 1970- . . rcorrected for < : _ _
Waterfow] o017 |Breeding | g iobility with | AAaska Canada, and ? 13 (60
y : : S noithern TLS.
Surveys. ground surveys ,
North -American i
Trumpteter: Swan _]'96'8' Breeding Ae'"alf surveys and. Rangewide 1 1 (63)
2015 > | ground counts - :
Survey o
American
Woodcock 1968- Breeding 3.6-mile roadside: '1__,5_00 Toutes'in eastern 1 0 &0
‘Singing Ground |2017 & routes North America
Survey
2007 Seaduck - ettt s T _
Toint Venture 1970- Variable Colppllal}on.of best Cont__mentwlde_ for each 0 14 68)
Report: 2007 available estimates | species
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:320:‘52:;‘::1){“'35(. 2012 Breeding Compil_a:tion of best j.Continentwide for each 0 45 ( 69, 70)
.D dl:ébésé o population |available estimates | species +
.-i;i; 21; 1‘(4];;1;) 1970~ |Breeding | Variable; best for | Continentwide foreach |, 1 n
she'c'ies"aé'c.our.its 2007 adults each species- ‘specigs ' : -
Avian
‘Conservation _ _ . e - :
: .Assessment Vitiable B(;enladt_ng ;far_li__tb_lﬁ, compiled North American estimates |0 17 (£6)
Database adults tom other sources
: (ACAD)

876 " Estimates for 344 landbird species provided by (35); identical methods applied to 55 additional non:landbird
877  species in‘thé présent study. '

878 '

879
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880 ‘Table S2.

881 Net change in abundance across North American bird families, 1970-2017. Taxonomy and
882  common names of families follow (99); families listed in order of greatest decline. Net change in

883  abundance expressed in millions of breeding individuals, with. upper and lower 90% credible

884 intervals (CI) shown. Percentage of species in each group ‘with negative trend trajectories. also

34

885  noted.
886 :
et Abundance Change . i o . Of Qs
Farmily Common Name Sl;lp. _ N(MilliOgs} &90% C_EI; . Perce“t-Chanée & 90%?:15' ’f'ii?p
+ | Change  UC9D LCS0 Change LC90 UC90 | Decline
Passercilidae New World Sparrows 38 | -862.0  -925.7  -798.6 | -38.0% -40.1%  -358% | 87%
Parulidae New World Warblers 44 | -617.5  -737.8  -309.0 | :37.6%  -420%  -33.0% | 64%
Icteridae New World Blackbirds 18 | -439.8  -467.8.  -4124 | -442%  -459%  -42.4% | 83%
Passeridae 0Old Waorld Sparrows:- 2 | 3310 <3746 2902 | <81.1%  -82.7%  -79.4% | 50%
Alaudidae Latks 1 -182.0 2072 -157.8 -674%  -709%  -63.7% | 100%
Fringillidae Finches and Allies 13 | -1446  -1892 919 | -36:7% -45.9%  23.8% | 62%
Tyrannidae ‘Tyrant Flycatchers. 26 | -882  -107.3 695 | -20.1%  -23.7% -162% | .50%
Sturnidae Starlings 1 832 947 726 | -493%  -52.4%  -46.0% | 100%
Turdidae Thrushes 11 | 776 -1142  -381 | -101%  C146% -5.0% 550
Hirundinidae Swallows- 8 60:8 86.7 314 | -220% -301%  -11.9% | 75%
Caprimuigidae Nightjars -39.3 -44.0 349 | -55.0%  -58.0%  -51.5%. | 60%
Calcariidae Longspurs -39.3 -79.0 34.3 31.2%  -60.5% 26.8% 80%
Odontophoridae ~ New World Quail -21.1 =326 100 | -51.6%  -61.2% -35.7%. 30%
Laridae ‘Gulls, Terns 22 | <201 27.6 -133 | -50.5%  -58.4%  -39:9% | 73%
Apodidae Swifts -192 214 -17.1 | -65.3%  -68:1%  -61.6% | 100%
Trochilidae .Hummingbirds g -189-  36.0 -2.2 -17.0%  277% -2:6%. 63%
Mimidae Thrashers and-Allies 10 ~18.3 -22.1 ~=14.6 -194%  <229%  -16.0% 30%
Regulidae Kinglets 2 -17.9 47.6 121 1% -177% 5.0%. 50%.
Scolopacidae ‘Sandpipers 32 | -154 -19.9 Q11 | -384% 46.7%  -28.6% | T2%
-Cardinalidae. Cardinals and Allies. 14 -10.8. =20.6 -1.0 -3.3% -6.3%. -0.3% 43%;
Laniidae -Shrikes: 2 -10.3 -1l6 9.0 69.0%  -722%  -65.7%. | 100%
Cuculidac. "Cuckoos: 4 8.9 -10.5 7.4 47.9%  -53.6%  -41.5% | 15%
Motacillidae Pipits; Wagtails 2 -8.1 -12.7 2.4 -29.0%  -44.0%  -8.6% | 100%
Corvidae Jays, Crows 16 | -6.6 -11.8 -1.2 6.5% -11.4%  -1.1% 69%
PhyHoscopidae Leaf Warblers ) -6.4. -16.3 0.7 -50.4%. .-76.8% 5.6% 100%
Paridae Tits, Chickadees 10 -5.3 -11.4 0.8 49%  -10.2% 0:7% 70%
Alcidae Auks 11 4.6 -16.8 9.0 -159%  -45.8%  33.4% 45%.
Icteriidae Yellow-breasted Chat ] 3.9 -5.4 2.5 21.2%  -28.0%  -13.9% | 100%
Ardeidae Herons 12 3.4 -4:4 2.4 280% -341% -212% | 58%
‘Remizidae Penduline-Tits. 1 26 -4.0 -14 -42.0% -53.2% -28.0% 100%:
Charadriidae Plovers. 8 -1.9 -3.1 -0.9 <38.6%  -47.4%  -32.0% 88%




Alcedinidae Kingfishers 1 -1.6 -L.9 213 | -47:8%  -515%  ~44.0% | 100%
Procellariidae Petrels i 1.0 38 3.7 -33.8%  =79.3%  104.4% | 100%
Aegithalidae Long-tailéd Tits 1 0.9 1.4 0.3 «28.4%  -42.5% -10.7% 100%.
Podicipedidae Grebes 6 -0.7 2:6 1.9 -109%  -358%  35.7% 50%
Sylviidae Sylviid Warblers 1 0.6 -1.1 03 | -27.7%  -38.0%  -15.4% | 100%.
Cinclidae Dippers 1 -0.03 0,05 0.00 | -15.5%  -37.2%  -2.0% | 100%
Aramidae Lirapkin 1 0.00 -0.02 0,02 | -150% -62.1%  8§9.0% | 100%
Ciconiidae Storks 1 001 0.00 0.02 77.6%  183%  166.9% 0%
Haematopodidae  Oystercatchers 2 0.01 0.01 0.02 123.7%  59.5% 218.0% 0%
Falconidae Falcons,; Caracaras & 0.03 -0.49- 0.6% 0.5% -9.3% 12.6%. 33%
.Anhingidae Anhingds 1 0:03 0.02 004 | 109.1%  663%  164.5% 0%
Psittacidac. Parrots 1 0.1 0.0 0.3 >1000% >1000%  >1000% | 0%
Tytonidae -Barn Owls 1 0.1 0.1 0.2 211.6%  13248%  317.8% 0%
Recurvitostridae.  Avocets, Stilts 2 0.2 0.0 0.5 57.5%  162%  174.6% 0%
Ptiliogonatidae Silky Flycatchers 1 0.3 0.0 0.7 26.4% =3.8% 65:2% 0%
Sulidae Boobies 1 0.4 0.2 0.7 988.6%  497.0% 1891.7% | 0%
Gaviidae Loons 3 0.4 0.1 0.8 326%  11.7% 60.7% | 33%
Pandionidae Osprey 1 0:4 0.3 0.5 304.4%  2484%  370.3% 0%
Rallidae Rails, Coots 7 0.6 -1.9: 42 6.2%  -18.1%  405%. | 57%
Gruidae ‘Cranes 1 0.7 0.5 0.9 914:5%  743.0% 1119.1% | 0%
Pelecanidae. Pelicans 2 0.7 0.5 1.2 810.4%  534.6% 12142% | 0%
Phalacrocoracidae  Cormorants, 4 0.8 0.4 1.3. 152.3%  73.1%  267:3% | 50%
Strigidae Owls 11 1.7 0.5 34 15.9% 4.6% 30.1%. 64%
Certhiidae Treecreepers 1 2.5 1.5 37 33.6% 20.8% 47.9% 0%
Threskiornithidae . Ibises, Spoonbills 4 2.9 1.4 6.3 332.8%  1673%  639.4% | 0%
Columbidae Doves, Pigeons. 7 3.6 174 433 1.9%  -9.0%  23.1% | S7T%
Accipitridae Hawks 16 5.5 5.0 6.0, 789%  71.8%  86.4% 19%
Bombycillidae Waxwings el 8.0 2.1 14.6. 13.8% 3.6% 25.0% 50%:
Cathartidac “New World Vultures 2 9.4 8.3 106 | 2653% 238.7%  293.6% 0%
Troglodytidae Wrens 10 133 6.5 20,7 13.8% 6.8% 21.5% 40%
‘Picidae Woo_dpeckcrs_ 21 13.6 10.2 17.2 18.5% 13.9% 23.4% 33%
Sittidae ‘Nuthatches 4, 14.4 11.0 18.4 66.6%  50.5% 85.0% 50%
Phasianidae’ Grouse and Allies 12. 15.2 29 36,6 24.3% 4.5% 56.4% 33%
Polioptilidae Gnatcatchers 2 3.9 12:7 54.5 15:6% 6.2% 26.3% 0%
Anatidae: Waterfowl 42 | 348 24.5 483 | S6.1%  37.9%  79.5% | 43%
Vireonidae Vircos 12 89.9° 78.6. 1020 | 53.6%  46.7% 60.7% | 17%
887
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Table S3.

GAM spatial trend analysis and model comparison. AIC gives Akaike’s An Information Criterion,
df gives degrees of freedomi. Models si ignificantly different according to a Chi-squared likelihood.

ratio test are labelled by different letters (a,b). Change in biomass traffic was calculated as a spatial
mean of the multlpllcatlon of spatial trend and kriging-interpolated biomass passage. Changes in
‘biomass traffic are based on spatial averages of theé GAM predictions over the contigious US, as:

detailed in the text. From left to right; % / yr = annual rate of declinie in seasonal migration ttaffic,
% =decline over the period 2007- 2017, loss in seasonal migration traffic, p = significance of the

‘te(lon, lat):year trend term. See Figure S7 for plots.of the estimated smoothed spatial trend.

| change in biomass traffic 2007-2017

" Model”  Formula AIC df Y% [yt % 10° birds’km __ p

1 index ~ te(lon,lat) + 337 10 -12£07 -11.6£59 -1.4*17 <(.0001
te(lon,lat):year +
dualpol?

2 index ~ te(lon,lat) + 338 11 -1.6+08 -148x£72 -1.8+1.9 <0.0001
te(lon, lat):year + modet

3 Index ~ te(lon,lat) + 342 10 29+05 -256+42 32128 <0.0001
-tc(lon,_lat)-:yeal* +
superres’

4 index ~te(lon,lat) + 360 9 33406 287141 37+£31  <0.0001
te(fon, lat):year )

I-4 (model average) -1.5%1.0. -13.6%91 -1.7£1.8

"Family=Gamma(link=log)-

Imode is a factoi variable with levels “legac ", “superres’”-and “dualpol”, dlstmgu:shmg the three time penods in

whicli the radar acquired legacy, super—resolutlon and dual-polarization data. Note that the dual-polarization upgrade
occurred after the super=resolution upgrade, and dual-polarization data includes super-resolution.
Ydualpol is a logical variable that is irue 'a_'&er:the_du_al-po_[arization upgrade, and false before
§s‘.uperres is a logical variable that is trueafter the superresalution upgrade, and false before:
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Table:S4.
Model comparison of regionalized generalized mixed models. differentiating in four geographic

ﬂyway regions: Atlantic, Mississippi, Central ‘and Western (see Fig. XXX). AIC gives. Akaike’s:
An Information Criterion, df degrees of freedom. Models significantly different according to a-

Chi-squared likeliliood ratio test are labelled by different letters (a.b). We found support for an
effect of dual-polarization upgrade on detected biomass passage (cf. model 5), but not for
additional correction:for the superresolution upgrade (model 6 did not improve over model 5). See
Table S5 for fixed effect-estimates.

Model® Formula AlIC df

5 indéx ~ region + year:flyway + (1 | radary +dualpol’ 338 11 =
6 index ~ region -+ year:flyway + (1 | radar) + mode? 340 12 a
7 Index ~ region + year:flyway -+ (1 | radar) + superres 343 IT b
8 Index ~ region + year:flyway + (1 | radar) 361 10 ¢

*Family=Gamma(link=log)

Ymodé is a:factor variable with levels “legacy”, “superres and “dualpol”, distinguishing the three time periods in
which the radar-acquired legacy, supér-resolution and dual-polarization data. Note that the dual-polarization upgrade
occurred afterthe’ super-resolution upgrade, and dual-polarization data includes super-resalutmn

tdualpol is a logical variablethat is true after the dual-polarization upgrade, and false before

§s;uperre's- is'a Jogical variable that ts trueafter the superresolution upgrade, and false before
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Table S5.

Parameter estimates of temporal and detection-related fixed effects, based on:generalized mixed

models differentiating in three géographic regions: west (lon <-105°), central (-105° <lon < -95°)
-and east (lon>-95°). Estimates of change in migratory biomass traffic are-expressed as percentages

change pet year. Explanatory variable year was scaled to zero at 2007. Significant model terms are.
highlighted in beld. See Table $4 for model comparisons.

Fixed effect

Model Estimate Unit t D

5 year:flyway_Atlantic -3.0+0.6 Yolyr 4.7 <0.0001

5 year:flyway Mississippi  -2.7 0.6 %fyr 4.5 <(.0001

5 year:flyway_Central 0.6 0.6 %.fyr 1.0 0.3

5 year:flyway Pacific 0.2£06 %lyr 03 0.8

5 ~dualpol=TRUE 1643 % -5.0 <0.0001
6 year:flyway_Atlantic 3.4+ 07 olyr 4.5  <0.0001

6 year:flyway_Mississippi  -3.0 £ 0.7 %fyr 42  <0.0001

6 year:flyway_Central 0207 wiyr 03 07

6 year:flyway_Pacific 0.1+08 %y 02 09

6 ‘mode="superres"” 25427 % 0.9 0.4

6 mode="dualpol” 245 %o 2.4 0.02

7 year:flyway_Atlantic 4.7 £ 0.5 Yolfyr 9.9 <(.0001

T year: ﬂyWay_Mi'ssissi:p'pi: 4.4 £ 0.4 %fyr -10.2 <0.0001

7 year:flyway_Central. ~ -1.2+0.4 Yolyr <27 0.007

7 year:flyway_Pacific -1.5+ 0.5 %lyr  -3.0 0.003.

7 superres=TRUE 812 % 44 <0.0001

8 year:flyway_Atlanfic -5.2£0.5 Yolyr  -10.9  <0,0001

8 year:flyway Mississippi 4.8+ 0.4 Y%iyr <113 <0.0001

8 year:flyway_Central -1.5% 0.4 Y%lyr  -3.5 0.0004

8 year:flyway Pacific -1.9+ 0.5 Ylyr  -3.8 0.0001

5-8 (average)' year:flyway_Atlantic -3.2108 Yolfyr 4.7 <0.0001

5-8 (average)' year:flyway Mississippi -2.9:+0.7 Ylyr 3.9 0.0001

5-8 (average)"  year:flyway Central 0.4+0.8 %lyr "~ 0.5 0.6

5-8 (average)t year:flyway Pacific 0.3 +0.8 %/yr 0.0 1.0

*z value instead of 1 value

*showing full model-averaged-coefficients for teniporal fixed effects only
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Data S1. (separate file)

Species-specific data and results for analysis of net population change in the North American
avifauna. Included are 529 species with common and scientific:names, taxonomic sort number
(100}, bird famlly, spécies: group and biome assignments, absolute and proportional changes in
abundance with associated variance, 'start and end-year population estimates with variance, and
source data for population size estimates and population trajectories’ for each species. A separate
worksheet in the same file.contains definitions of each column headet.

Data S2. (separate file)

Species-specific adjustment factors used in the calculation of Partners in Flight (PIF)
population size estimates based on BBS count data. Included are 399 species; including 344
landbird species previously published in (35), and 55 additionial non-landbird species for which
we estimated pepulation size using identical methods. Unrounded population size. estimates
(PopUsCa) ate the same asin Data S1, and aré provided here for easy reference Adjustment factors
are further defined and described in (35),
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